Objective: Developed tension in guinea-pig papillary muscles is depressed by prolonged hypoxia; subsequent reoxygenation leads to a partial recovery that stabilizes after an early period of arrhythmia. We have investigated whether hypoxic preconditioning in these Ž . Ž . Ž . muscles 1 improves the recovery of developed tension, 2 protects against reoxygenation arrhythmia, and 3 causes other significant electromechanical changes. Methods: Papillary muscles stimulated at 1 Hz were superfused with oxygenated Krebs solution for 60 min Ž . and either preconditioned 5 min of 3 Hz pacing under substrate-free hypoxic conditions, 10 min of normoxic recovery or equilibrated Ž . Ž . for an extra 15 min. Muscles were subsequently challenged with substrate-free hypoxia 1 Hz , and reoxygenated 1 Hz for 60 min. Contractile performance, action potential parameters, and indicators of arrhythmic activity were measured in 10 preconditioned and 10 Ž . non-preconditioned muscles. Results: Developed tension in preconditioned muscles declined to the same level 10-15% control as in non-preconditioned muscles after 60 min hypoxia. A notable difference was that developed tension in the preconditioned muscles failed to rebound during mid-hypoxia, a hallmark feature in non-preconditioned muscles. The action potential duration and overshoot collapsed at a significantly faster rate in hypoxic preconditioned muscles. Action potential recovery during reoxygenation was similar in the two Ž . groups of muscles, but recovery of developed tension was significantly stronger in preconditioned 76.7 " 5.4% than in non-precondi-Ž . Ž . tioned 42.9 " 1.7% muscles P -0.001 . Reoxygenation provoked arrhythmic activity in all muscles, but the summed average duration Ž . Ž . was shorter 5.5 " 1.0 vs. 9.4 " 1.5 min P -0.05 in the preconditioned muscles. Conclusions: Hypoxic preconditioning can significantly enhance post-hypoxia recovery of developed tension, and significantly attenuate arrhythmic activity, in guinea-pig papillary muscles. q 1997 Elsevier Science B.V.
Introduction
Ischemic preconditioning was first described by Murry w x et al. 1 as the cardioprotective mechanisms that are activated by brief ischemic stress; these mechanisms can reduce the rate of cardiac cell necrosis during a subsequent episode of prolonged ischemia. Depending on the species, Ž . the forward protection afforded by the brief 2-5 min w x preconditioning ischemia lasts for several hours 2 . It is now evident that this endogenous myocardial protective mechanism can be activated by either coronary occlusion w x or hypoxia 3,4 , and that protection can be gauged from ( ) prolonged hypoxia challenge improved the post-hypoxia recovery of developed force in rabbit papillary muscles; the same group have recently reported similar results on w x human atrial trabeculae 13,14 .
Our objective was to determine whether hypoxic preconditioning offers protection against hypoxia-induced dysfunction in superfused guinea-pig papillary muscles. Although the primary index of protection was the recovery of contractile function after the hypoxia challenge, we also monitored action potential configuration, and examined whether the incidence and duration of arrhythmias induced Ž w x. by reoxygenation of these tissues cf. 15 were modified by preconditioning. In addition, we report on experimental conditions that modify the development of a mid-hypoxia transitory rebound in developed tension that is strongly attenuated by preconditioning.
Methods

Experimental preparations and solutions
The investigation conformed with the Guide for the Care and Use of Laboratory Animals published by the US Ž National Institutes of Health. Male guinea-pigs 250-350 . g were killed by cervical dislocation, and the hearts Ž quickly removed and immersed in cold oxygenated 95%
. O r5% CO bicarbonate-buffered Krebs solution. A suit- 2 2 Ž able papillary muscle length ) 2 mm, diameter -0. 8 . mm was dissected from the right ventricle, along with an attached small portion of the interventricular septum and valve leaflet. Muscles were mounted horizontally in a 0.25 ml perfusion chamber, and continuously superfused with oxygenated Krebs solution at 6 mlrmin. The Krebs solu-Ž . Ž . tion 36 " 0.58C contained in mM : 113.1 NaCl, 4.6 KCl, 21.9 NaHCO , 3.58 NaH PO , 1.15 MgCl , 2.45 
Measurement of contractile and electrical actiÕity
The clamped mural end of the muscle was electrically stimulated through a bipolar Ag-AgCl electrode. Stimulat-Ž . ing pulses 1-2 ms duration, 1.2 times threshold intensity were applied at 1 Hz unless otherwise stated. The valve Ž leaflet was attached to an isometric force transducer model . UC2, Gould Statham, Oxnard, CA, USA , and the muscle stretched to a length that produced 80-90% maximal developed tension. Action potentials were recorded with Ž conventional 3 M KCl-filled microelectrodes resistance . 8-12 M V connected to a high-input impedance amplifier Ž . model 750, WP Instruments, New Haven, CT, USA via an Ag-AgCl half-cell. A flowing 3 M KClrAg-AgCl unit with frittered glass junction was used as the reference electrode. The maximum rate of rise of the action potentialŽ . Ž , action potential amplitude, overshoot amplitude acmV . tion potential amplitude above 0 mV , and resting membrane potential. Arrhythmic activity provoked by reoxygenation was assessed from recordings of electrical and Ž . contractile activity by 1 scoring the incidence of arrhyth-Ž . mic episodes in given time periods, 2 measuring the summed duration of such episodes within given time peri-Ž . ods, and 3 measuring the summed duration of the activity over the entire 60-min reoxygenation period. The incidence of automaticity was scored by scrutinizing whether an extrasystolic action potential occurred during the initial 60-90 s period after reoxygenation, and during subsequent 30-s periods spaced 1 min apart.
Hypoxic preconditioning, hypoxia challenge, and reoxygenation protocols
All muscles were equilibrated for 60 min in oxygenated Krebs solution prior to an experimental procedure. Hypoxic conditions were achieved by gassing glucose-free Krebs solution with 95% N r5% CO ; this resulted in PO 2 2 2
-5 kPa at the bath inflow port as analyzed by an auto-Ž mated blood gas analyzer model 158, CIBA Corning, . Markham, Ont., Canada . Reoxygenation was achieved by Ž switching from hypoxic superfusate to oxygenated 10 mM . glucose Krebs solution. A preconditioning treatment in-Ž . cluded a brief period e.g., 5 min of superfusion with substrate-free hypoxic solution, and a recovery period Ž . e.g., 10 min with oxygenated Krebs solution. Precondi-Ž . tioning was followed by a prolonged 30-120 min challenge with substrate-free hypoxic solution, and eventual reoxygenation with normal Krebs solution. The stimulation rate was kept at 1 Hz except for the brief hypoxic preconditioning period when it was 1, 3 or 5 Hz depending on the protocol being examined. Results were compared with those from non-preconditioned muscles that were treated in the same way except that a normoxic dummy treatment Ž . 1 Hz stimulation was substituted for the preconditioning Ž . hypoxia, short recovery treatment. An additional smaller group of control muscles was paced at 3 Hz for the first 5 min of the normoxic dummy treatment. Further details are provided in Section 3. All of the superfusates were warmed to 36 " 0.58C. 
Drugs
Ryanodine was obtained from Calbiochem. A 1 mM stock solution of ryanodine was made in dimethyl sulfox-Ž . Ž ide DMSO and then diluted in the buffer final DMSO . after dilution in buffer: 0.01% .
Statistics
Data are expressed as means " s.e.m. Differences between means in two groups at chosen time points were Ž . evaluated using analysis of variance ANOVA for repeated measures followed by a Student's unpaired t-test with Bonferroni's correction for multiple comparisons. For comparison between two mean values, a Student's unpaired t-test was performed. P -0.05 was considered to be statistically significant.
Results
Preconditioning protocol and representatiÕe results
Effective preconditioning is dependent on at least two experimental variables-the brief preconditioning protocol and the durationrseverity of the subsequent challenge w x 36,37 . Since we were unaware of any published studies on hypoxic preconditioning of guinea-pig papillary muscles, we examined the outcomes of a number of different Ž . experimental protocols applied to small groups n s 3-5 of papillary muscles. In this screening, we varied the Ž . Ž . severity 1-5 Hz pacing and duration 3-10 min of the Ž hypoxic preconditioning, as well as the severity 0-10 mM . Ž . glucose and duration 30-120 min of the hypoxia challenge, and measured the recovery of developed tension during subsequent 60 min reoxygenation. For example, muscles were preconditioned with 10 min substrate-free hypoxia at 1 Hz, recovered under normoxic conditions for 10 min, challenged with 30 min substrate-free hypoxia, and reoxygenated. Developed tension at the end of the Ž reoxygenation period in preconditioned muscles 73.5 " . 5.8%, n s 5 was not significantly better than in non-pre-Ž . conditioned muscles 66.0 " 8.9%, n s 5 , and a similar result was obtained when the hypoxic preconditioning was Ž . reduced from 10 to 5 min n s 3 . However, 5 min Ž . substrate-free hypoxia 1 Hz combined with a longer Ž . substrate-free challenge 60 min produced more encouraging results: i.e., developed tension recovered to 62.5 " Ž . 9.1% n s 5 after preconditioning versus 44.4 " 2.0% Ž . Ž . ns5 without preconditioning P -0.09 . Longer hy-Ž . poxia challenge 120 min reduced the recovery of both test and control muscles. w x Based on the findings of Walker et al. 12 , we examined whether the inclusion of rapid pacing during hypoxic preconditioning improved the protocol. Preconditioning at 5 Hz for 10 min was unsatisfactory because muscles did not always return to within 10% of pre-preconditioning contractile force after 10 min normoxic recovery. However, the latter was less of a problem when the rate was reduced to 3 Hz for 5 min, and initial trials on contractile recovery were promising. On this basis, we selected this experimental protocol to study the effects of preconditioning on contractile activity, electrical activity, and reoxygenation arrhythmia. As depicted in Fig. 1 , muscles were preconditioned for 5 min by 3 Hz pacing under substratefree hypoxic conditions. This was followed by a 10 min Ž . normoxic 1 Hz recovery period, 60 min substrate-free 1 Ž . Hz hypoxia challenge, and 60 min normoxic 1 Hz reoxygenation. Control non-preconditioned muscles were equilibrated for an extra 15 min prior to challenge and reoxygenation. The baseline characteristics of the control and Ž . test groups of muscles n s 10 each investigated with this protocol are provided in Table 1 .
The slow speed records of typical contractile responses ofnon-preconditioned and preconditioned muscles shown in Fig. 2A illustrate that there were substantial declines in w Ž .x Ž Values mean s.e.m. were measured from non-PC and PC precondi-. tioning -destined muscles. Measurements were made at the end of 60-min equilibration periods, with the exception of slack length and diameter which were measured at the end of post-hypoxia reoxygenation periods. Peak qdTrdt and peak ydTrdt s maximum rate of rise and relaxation, respectively, of developed tension; RT s the time required for Ž . non-preconditioned top and preconditioned bottom muscles. The spike at y10 min in the record from the preconditioned muscle was due to a potentiated contraction when the 3 Hz stimulation during hypoxic precon-Ž . ditioning was reduced to 1 Hz at the start of normoxic recovery. B Action potentials recorded from representative muscles.
developed tension and increases in resting tension during hypoxia challenges. Both parameters recovered to a variable degree during arrhythmia-provoking reoxygenation.
Ž . Fig. 2B top shows representative action potentials recorded from a non-preconditioned papillary muscle. The 60-min hypoxia challenge induced a progressive slight depolarization, a 30% reduction in action potential overshoot, and a pronounced shortening of the action potential duration. Similar changes in action potential configuration were recorded from the example preconditioned muscle, but they occurred more quickly and to a greater degree Ž . Fig. 2B , bottom .
Effects of preconditioning on contractile performance
A summary of the changes in developed tension recorded from the 10 preconditioned and 10 non-preconditioned muscles is provided in Fig. 3A . The preconditioning treatment caused an increase in developed tension to 213 Ž " 15% of control after 2.5 min of the 3 Hz hypoxia filled . circles . However, unlike the stimulation during 3 Hz Ž . normoxia trials open triangles , the positive inotropy was not sustained for the full 5 min of hypoxia, and force declined to 79.1 " 6.6% at its termination. A further decline to 66.7 " 6.1% after 5 min normoxic recovery was primarily due to the change in stimulation rate from 3 to 1 Hz. Thereafter, there was a quick improvement to 90.1 " 4.8% by the end of the normoxia recovery period.
During the first 15 min of the hypoxia challenge, developed tension fell to about 33% of control in both preconditioned and non-preconditioned muscles. However, during the next 15 min of hypoxia there was a strong rebound to 71.5 " 9.5% in the non-preconditioned muscles, in marked contrast to the more or less stable situation Ž . Ž . 37.0 " 5.4% in preconditioned muscles P -0.07 . The rebound in the non-preconditioned muscles was transitory, and by the end of the 60-min hypoxia the developed 
Evaluation of the recovery of developed tension during the first 20 min of reoxygenation was complicated by the inotropic influence of episodes of arrhythmic activity. As assessed at times of non-arrhythmogenicity, developed tension recovered more quickly in preconditioned muscles Ž . Fig. 3A . More importantly, developed tension during the Ž arrhythmia-free 30-60 min reoxygenation period see be-. low was much stronger in the preconditioned muscles Ž . e.g., 76.7 " 5.4% after 60 min than in the non-precondi-Ž .Ž . tioned muscles 42.9 " 1.7% P -0.001 .
The hypoxia challenge caused a delayed rise in resting tension that levelled off at later times; this increase was largely but not completely reversed during subsequent Ž . reoxygenation Fig. 3B . The time to onset of contracture Ž . was significantly shorter in preconditioned 17.4 " 1.6 min Ž . Ž than in non-preconditioned 23.3 " 2.1 min muscles P -. Ž 0.05 . However, it peaked at the same time 50.8 " 1.4 vs.
. Ž 50.9 " 1.5 min , had a similar magnitude 606 " 90 vs.
. 706 " 89% , and declined to the same level after reoxy-Ž . genation 191 " 16 vs. 222 " 25% as in non-preconditioned muscles.
Since the preconditioning involved rapid pacing in addition to hypoxia, we also assessed the performance of non-preconditioned muscles that were stimulated at 3 Hz Fig. 4 . Contraction parameters measured from non-preconditioned and preconditioned muscles. All parameters are expressed as percent of 60 min equilibration values. Means"s.e., ns10 for each group; same muscles as in Fig. 3. ) P -0.05, † P -0.001.
for 5 min under normoxic conditions. The open triangles at selected times in Fig. 3A indicate that, aside from the dummy preconditioning period, developed tension in these muscles was similar to that in the other non-preconditioned muscles. In particular, there was a rebound during mid-hypoxia, and weak recovery after 60 min reoxygenation Ž . Ž 38.1 " 4.6%, n s 5 P -0.001 vs. preconditioned mus-. cles .
An analysis of the changes in the twitch parameters caused bypreconditioning is shown in Fig. 4 . Peak qdTrdt and ydTrdt closely followed the pattern recorded for developed tension. The rates declined to a lower level with smaller rebound during the hypoxia challenge, and subsequently recovered to higher levels than in the non-precon-Ž ditioned muscles e.g., recovery to 87.3 " 8.2% versus 52.3 " 5.4% for peak qdTrdt after 60 min reoxygena-. Ž . Ž . tion P -0.025 Fig. 4A ,B . The time to peak tension Ž . TTP in preconditioned muscles overshot control by 25-Ž 35% during the 10 min recovery period a typical response . Ž . after short-term hypoxia: 20 Fig. 4C . It declined rapidly during the hypoxia challenge and recovered to the same Ž . degree ; 80% control as in non-preconditioned muscles.
Ž . The halftime for twitch relaxation RT was near con1r2 trol after preconditioning, declined to lower levels during challenge than in non-preconditioned muscles, and recov-Ž ered to an insignificantly lower 89.0 " 3.8% vs 99.1 " . Ž . 7.6% after 60 min reoxygenation Fig. 4D . 
Preconditioning and action potential configuration
A summary of the changes in APD measured in the 90 two groups of muscles is shown in Fig. 5A . The 5 minr3 Hz hypoxia preconditioning shortened the APD , but it 90 quickly returned to control level during the 10 min recovery period. Subsequent hypoxia challenge caused a faster shortening than in non-preconditioned muscles; for exam-Ž . ple, values at 20 and 30 min 51.2 " 1.6 and 39.4 " 3.4% Ž . were significantly P -0.05 shorter than in non-precondi-Ž . tioned muscles 72.3 " 3.7 and 59.8 " 3.1% . After 60 min hypoxia, the APD was not significantly different the action potential overshoot were sensitive discriminators of the effects of preconditioning on action potential configuration during hypoxia challenge. The APD declined 0 mV more quickly in preconditioned than in non-preconditioned muscles; after 20 min hypoxia it was 43.8 " 3.0 versus Ž . 74.4 " 1.7% in non-preconditioned muscles P -0.001 , and after 60 min it was 2.4 " 0.3 versus 6.8 " 1.3% Ž .Ž . P-0.05 Fig. 5B . Overshoot amplitude also declined at a faster rate; after 60 min hypoxia it was 9.5 " 1.2 mV in preconditioned muscles versus 19.6 " 0.8 mV in non-pre- Fig. 3A ; the open triangles at 40-60 min hypoxia indicate that 3-Hz pacing of non-preconditioned muscles before hypoxia had no effect on action potential parameters during Ž . Ž. subsequent hypoxia see legend, Fig. 3 . A Action potential duration at Ž . Ž . 90% repolarization. B Action potential duration at 0 mV. C Overshoot amplitude. Means"s.e., ns10 in the two principal groups. ) P -0.05, Action potential parameters recorded from the 3 Hz non-preconditioned muscles after 40-60 min hypoxia were very similar to those in the main control group of muscles Ž . see open triangles in Fig. 5A-C . 
Effects of preconditioning on reoxygenation arrhythmia
Records of electrical and mechanical events from a non-preconditioned muscle illustrate that long-lasting periods of automaticity during early reoxygenation gradually gave way to sporadic, single-extrasystole-type activity at Ž . Ž later times Fig. 6A . The same general features pronounced activity at early times, reduced activity at later . times were observed in preconditioned muscles. The incidence of automaticity in non-preconditioned muscles Ž . climbed from 60% 6 of 10 muscles at 1-1.5 min reoxygenation to 100% after 3-4 min, and then slowly fell to F 20% after 20 min. The incidence in preconditioned Ž . muscles was lower at early times e.g., 10% at 1-1.5 min , similar at intermediate times, and lower again at later times Ž . not shown . The summed duration of arrhythmic activity during the 0-5 min reoxygenation period was significantly Ž . shorter in preconditioned muscles 2.13 " 0.32 min than Ž . Ž in the non-preconditioned muscles 3.66 " 0. Ž . mic periods see panel A . Means"s.e., P -0.05, P -0.01. C Comparison of average total duration of arrhythmic activity in non-preconditioned and preconditioned muscles during 60 min of reoxygenation. Means"s.e., ) P -0.05. 
Effects of modified hypoxia on the mid-hypoxia rebound in contractile force
It is apparent from Fig. 2A and 3A that preconditioning depressed the strong transient rebound in contractility that normally occurred after 20-30 min substrate-free hypoxia. Since this response may turn out to be of practical value in the investigation of preconditioning mechanisms, we examined whether modifications of the hypoxia conditions affected the rebound in non-preconditioned muscles. The first modification was a reduction in the severity of the challenge by including either 10 or 5 mM glucose in the Ž . superfusate. Compared to 'control' hypoxia zero glucose , the 10 mM glucose superfusate greatly slowed the rate of Ž decline of developed tension during the first 15 min Fig. . 7, open squares . Thereafter, tension steadily declined, and there was no sign of a rebound; at the end of the 60-min challenge, force was 15.3 " 4.6% of pre-hypoxia control Ž . ns5 and not significantly different from that in muscles under substrate-free conditions. However, recovery at 60-Ž . min reoxygenation was significantly P -0.001 better Ž . Ž 70.9 " 5.1% than after zero glucose hypoxia 42.9 " . 1.7% .
The initial rate of decline of developed tension was faster during hypoxia with 5 mM glucose than with 10 Ž mM, but not as fast as with zero glucose Fig. 7 , open . triangles ; after 15 min, the tension was 58.1 " 5.1% Ž . ns6 versus 35.4 " 4.0% with zero glucose. Developed tension remained near that level for the next 15 min, before declining to 17.2 " 3.0% at 60 min. After 60-min Ž . reoxygenation, developed tension 63.5 " 4.3% was only slightly smaller than under the 10 mM glucose condition.
To assess whether a release of Ca 2q from intracellular stores might be responsible for the mid-hypoxia rebound, 0.1 mM ryanodine was added to the substrate-free hypoxic solution. Under these conditions, developed tension de-Ž clined more quickly than in the absence of the drug Fig. . 7, filled inverted triangles , and there was a rebound from Ž . 18.2 " 2.6% n s 5 at 20 min to 32.9 " 8.0% at 35 min. Thereafter, the developed tension declined to 7.1 " 2.0%, before recovering to a weak 32.9 " 5.4% after 60-min reoxygenation. The latter may not be a useful estimator of functional recovery due to poor reversibility from the drug treatment alone.
The final modification tested was a reduction of the Ca 2q concentration of the substrate-free hypoxic superfusate from 2.45 to 0.25 mM. This solution provoked a Ž . rapid decline in developed tension to 7.8 " 2.5% n s 5 Ž . of pre-hypoxia control after 15 min Fig. 7 , filled circles . There was no mid-hypoxia rebound, and developed tension at the end of hypoxia was 3.5 " 0.6%. However, 60-min Ž 2q . reoxygenation under standard conditions 2.45 mM Ca resulted in a recovery to 74.4 " 3.6% of pre-hypoxia con-Ž . trol, a value significantly P -0.001 larger than that following substrate-free hypoxia with 2.45 mM Ca 2q solution. Although not shown in the figure, we found that all Ž 2q . three modifications glucose, Ca , ryanodine reduced the incidence of reoxygenation arrhythmia.
Discussion
Preconditioning and contractile function
The extent of residual contractile function, a primary determinant of mortality following acute myocardial inw x farction 16 , is a commonly used index of myocardial injury and cardioprotection. Ischemic preconditioning has been shown to enhance post-ischemic recovery of contracw x tile function in isolated rabbit 17,18 and rat hearts w x 5,19,20 , and hypoxic preconditioning was as effective as ischemic preconditioning in preserving post-ischemic conw x w x tractile function in isolated dog 3 and rat 4 heart. A significant fraction of the hypoxia-preconditioning effect originates at the myocardial cell level since protection of post-hypoxia contractile function has been demonstrated in w x superfused rabbit papillary muscles 12 , human atrial traw x w x beculae 13,14 , and cultured rat cardiomyocytes 21 .
( )A primary conclusion from the present study is that hypoxic preconditioning can significantly improve the recovery of contractile function in reoxygenated guinea-pig papillary muscles. The improvement may have been due to enhanced recovery of 'stunned' muscle cells andror to a reduction in the fraction of cells irreversibly injured during the hypoxia challenge. Improved contractile recovery following global ischemia in isolated preconditioned rat and rabbit hearts was associated with a reduction of enzyme leakage, and therefore attributed to a reduction of cell w x w x necrosis 5-7 . Cohen et al. 6 have reported that ischemic preconditioning in rabbits not only reduced myocardial infarct size but also improved the recovery of contractile function in the myocardial ischemic area at risk. However, w x Ovize et al. 22 failed to detect improved recovery of contractile function in the myocardial ischemic area at risk in dogs. A recent study on ischemic preconditioning in w x isolated rabbit heart by Jenkins et al. 17 provided strong evidence that improved recovery of contractile force development is closely correlated with improved salvage of muscle cells.
In the present study, hypoxic preconditioning markedly enhanced the recovery of contractile function when guinea-pig papillary muscles were challenged with 60 min substrate-free hypoxia, but only slightly enhanced recovery when they were challenged with 30 min substrate-free hypoxia. This result, and similar ones on time-dependent protection of superfused rabbit and human myocardial w x bundles 12,14 , suggest that the beneficial effects of preconditioning in these tissues is primarily due to improved salvage of muscle cells rather than to improved perfor-Ž w x. mance of stunned cells cf. 14 .
Preconditioning and arrhythmogenic actiÕity w x
Shiki and Hearse 9 were the first to demonstrate that ischemic preconditioning in rats can reduce the severity of w x reperfusion-induced arrhythmias. Hager et al. 8 confirmed this result, and a reduced incidence of reperfusioninduced ventricular arrhythmias after ischemic precondiw x tioning has also been demonstrated in dogs 23-25 . However, ischemic preconditioning did not limit the incidence of ventricular fibrillation during reperfusion of pig heart w x 18 . The mechanism by which ischemic preconditioning affords protection against reperfusion-induced arrhythmias is not known. Bradykinin-mediated release of nitric oxide w x and prostanoid release may play a role in dogs 23,25 , but w x may not be of importance in rats 26 .
The foregoing studies on protection against reperfusion-arrhythmia were conducted on in-situ or perfused whole hearts. In the present study on superfused guinea-pig papillary muscles, the arrhythmic activity provoked by reoxygenation was significantly less severe in preconditioned muscles than in non-preconditioned muscles. The mechanisms responsible for this protection are unknown, but a number of possibilities are explored below in the context of the overall electromechanical responses to hypoxia and reoxygenation.
Analysis of the electromechanical findings
The primary index of protection in guinea-pig papillary muscles in this study was the recovery of developed tension. If, as seems likely, improved recovery in preconditioned muscles was due to improved salvage of cells, it remains unclear whether this protection was exerted during Ž the hypoxia challenge or at a later time e.g., during early . reoxygenation . However, there may well be indications of the protection in the electromechanical activity recorded during the hypoxia. In the preconditioned muscles, there was a faster decline of developed tension, relaxation of twitch tension, onset of contracture, action potential shortening, and overshoot depression. In these tissues, the rate of action potential shortening during hypoxia is related to w x cell energy metabolism 27 , and the faster collapse of the action potential in preconditioned muscles suggests that there was a more rapid decline of ATP in these tissues. As a result, there may have been a faster activation of the
that is thought to be
the dominant factor in the shortening of the action potenw x Ž tial in metabolically-stressed cardiac muscle 28,29 although additional factors such as depressed inward Na q and Ca 2q currents andror augmented outward delayedrectifier K q current may also be involved in the faster . collapse .
The faster collapse of the action potential may also have been the consequence of events set in motion during the preceding preconditioning. For example, there is strong Ž . evidence that 1 ischemic preconditioning in rabbits triggers a release of adenosine that, for unknown reasons, w x Ž . results in protection 30-33 , and 2 adenosine activates w x I in cardiac myocytes 34-36 . An adenosine-media-K,ATP ted, faster collapse of the action potential could explain the faster decline of developed tension by more quickly restricting Ca 2q inflow during the action potential plateau Ž w x. cf. 37 . Such an action might conserve ATP and enhance cell survival. The major argument against this being the sole explanation is that resting tension, an apparent indicaw x tor of relative metabolic state 27 , rose at an earlier time Ž . in preconditioned 17.4 " 1.6 min than in non-precondi-Ž . Ž . tioned 23.3 " 2.1 min muscles Fig. 3Ba .
The rebound in developed tension after 20-40 min substrate-free hypoxia was far stronger in control non-pre-Ž conditioned muscles than in preconditioned muscles Fig. . 3A . To acquire insight into this finding, we examined the effects of modified hypoxia on the development of the rebound in non-preconditioned muscles. The rebound was absent when the hypoxic solution contained 10 mM glucose, and quite minor when the glucose was lowered to 5 Ž . mM Fig. 7 : i.e., the rebound appears to be directly related to the severity of the metabolic disruption. Since the rebound was not prominent in hypoxic muscles treated ( )with ryanodine, and absent in muscles superfused with low Ca 2q solution, it appears to be related to an influx of Ca 2q andror release of Ca 2q from the sarcoplasmic reticulum. In that regard, we note that large increases in Ca 2q -related fluorescence signals from rat ventricular myocytes occur not during early hypoxia but shortly after hypoxic contracw x ture 38,39 . In the present study, the rebound in developed tension occurred just after the initial small rise in resting Ž . tension e.g., Fig. 2A .
In summary, a rise in intracellular Ca 2q that begins approximately 20-25 min after the onset of substrate-free hypoxia appears to cause the rebound in developed tension. The 'compensatory' inotropy lasts for approximately 20 min, and must extol a price in terms of energetic requirements. Dissipation of ATP and possibly a further rise in intracellular Ca 2q during early reoxygenation are expected to aggravate cell damage and promote Ca 2q -over-Ž w x. load-triggered arrhythmic activity cf. 15 . Compared to the poor recovery of developed tension after reoxygenation of control muscles exposed to substrate-free hypoxia, recovery was much improved in muscles reoxygenated after hypoxia with 5-10 mM glucose or low Ca 2q . In fact, the enhanced recovery was similar to that achieved by preconditioned muscles reoxygenated after substrate-free hypoxia. Although it is premature to invoke a common denominator in explaining these findings, further investigation of electromechanical events during hypoxia may prove to be helpful in unravelling particular features of the protective mechanisms initiated by preconditioning.
